Abstract. The present paper illustrates a modelling technique of void damage prediction using constitutive Rousselier damage model in wingbox aircraft structure. The high possibility of aluminium wingbox structure to deform during operating become a driving force in this study. The Rousselier model is implemented by the user-defined material subroutine UMAT in the ABAQUS/ Standard. The wingbox is a part of a commercially-made commuter aircraft prototype, in which steady aerodynamic pressure is applied as the quasi-static, ranging from cruise load factor until the ultimate load factor. This analysis is divided into three assessments: load factor assessment, damage detection and implementation of Rousselier-UMAT-XFEM (RuX) model solution. The results indicate the maximum stress concentration occurs at the bottom-root part of the skin. The void volume fraction and the crack grow as the load factor increases to the ultimate load factor. A comparison with the literature is shown in some details.
Introduction
Aircraft structural members are designed to carry a load and resist the stress during operation. The significant effect on the aerodynamic performance of the aircraft existed due to material deform during the extreme condition on the flight. Several studies have been done to investigate the behaviour of damage occur in the aircraft structure in order to improve and to make sure it is safe during flight. In experimental approach, Sundaresan et al. 2003 [1] discussed the damage detection on a wing panel inside the wingbox using vibration detection shapes. Following with mathematical investigation by Grondel et al. 2004 [2] , which has developed a health monitoring system to detect the damaging impact of the wingbox structure. Then, Chen et al. 2007 [3] proposed a dynamic-based damage detection method in composite wingbox structure using Hillbert-Huang transform (HHT).
Another method that can be applied is by using continuum damage mechanics (CDM) model [4, 5] . Previously, the CDM model based on Hashin failure criterion was used to model the damage assessment of rotary wing aircraft cabin door [6] . In this study, the numerical inspection based on Rousselier damage criteria of CDM model is investigated in wingbox structure where most of the wings's load is carried [7] . The Rousselier model, which has been introduced over last two decades, has become a powerful tool for modelling the damage criteria in structural analysis. For example of the model application such as in predicting the fracture resistant behaviour of Zircaloy fuel pin specimens [8] , simulation damage behaviour in eletron beam welded joints [9] and welded Esshete 1250 pipe [10] . This model can predict the behaviour of materials from the micromechanics processes leading to ductile fracture [11, 12] . From the authors' knowledge, this is a first attempt that the structural analysis is proposed for an aircraft wingbox by using the Rousselier damage model, in order to represent the damage behaviour of the material. Moreover, further investigation is carried out by implementing the Rousselier model with the XFEM solution, so called RuX model, to predict the void damage with the crack development in the material.
2. Numerical frameworks 2.1. Rousselier's Damage Model Rousselier damage model was implemented using an Abaqus UMAT subroutine to describe the material damage. In the subroutine, the integration scheme utilizing the radial return algorithm and implicit solution method are formulated in the finite element method. The Rousselier plastic potential is used to estimate the onset of yielding of the material point which shows the presence of the void volume fraction, considered as an internal state variable in the material constitutive model. Rousselier [13] proposed the classical plastic potential as:
where q and p are the von Mises equivalent stress and hydrostatic pressure respectively, D and σ 1 are Rousselier material parameters, ρ is a relative density, β is an internal variable describing damage and ε eq is the equivalent plastic strain which represents hardening of the material. With loading, the void volume fraction evolves from the initial void volume fraction, f 0 , of the material. The void growth rate can be obtained as:
whereε p kk is the component of the plastic strain tensor. By considering a material which contains a void, the relationship between the relative density, ρ, and f can be written as:
since the value of f 0 is very small compared to unity, Eq. (3) becomes as [14] :
However, f 0 is still be calculated in the formulation of this study, in order to see the influence of f 0 in the formation of void growth in the material. The function of B (β) in Eq. (1) can be written in terms of the void volume fraction as:
By substituting Eq. (4) and Eq. (5) into Eq. (1), the Rousselier plastic potential can be written as: To establish the yield criterion, the values of yield function, φ are classified as follow:
φ > 0 : Plastic deformation regime (8)
Technical wingbox structure
The layout of the wingbox used in the present work is shown in Fig. 1 . The wingbox prototype is developed under the joint program of Indonesian Aerospace, National Institute of Aeronautics and Space of Indonesia and Agency for Assessment and Application of Technology of Indonesia. Fig. 2 shows a wingbox structure which consists of spars, ribs, stringers and skin. The wingbox model consists of three type of elements, which are B31: 2-node linear beam, S4R: 4 node thick shell with reduced integration and hourglass control and C3D81: 8-node linear brick with the incompatible mode. For the boundary condition, the quasi-static load obtained from aerodynamic analysis is applied and fixed support in all-direction at the root of the wing, as shown in Fig. 3 . The load increment is considered in terms of load factor, N. Initially no load condition is increased until the appropriate cruise load condition (N=1). It is further increased until ultimate load condition, which is 2.5 times cruise load (N=2.5). The details mechanical properties of the wingbox materials and hardening data can be accessed in Table 1 and 2, respectively. 
Load factor assessment
As explained in Section 3, aerodynamic pressure is applied as the quasi-static load. The steady aerodynamic pressure is calculated using Lifting-Line Theory (LLT) [17, 18] . The LLT provides an analytical treatment for the evaluation of the aerodynamics of a finite wing, which is in the form of an infinite sine series for the circulation distribution, as shown in Fig. 4 . Figs. 5 and 6 present the distribution of stresses at the top and bottom skin of the wingbox, where it can be seen that the maximum stresses concentration occurs in the region near the root section. As expected, the highest load factor influenced the formation of highest stress in the wingbox structure, which create 139 MPa in N=1, 208 MPa in N=1.5 and 305 MPa in N=2.5. Then, the distribution of the maximum principal strain along the wingbox structure is shown in Fig. 7 . From Figs. 5, 6 and 7 (a and b) , the contour plots do not show any significant difference in their patterns distribution due to deformation within elastic region during a load increment. Meanwhile, the wingbox structure deformed plastically during the ultimate load condition, where the void damage starts to grow. The formation of the void volume fraction along the wingbox structure can be seen as shown in Fig. 8 . As can be seen clearly in Fig. 8(a and b) , the contour plots also do not show any significant different, and the values of void damage are still below the value of the initial void volume fraction (f o = 0.0001). However, the void damage emerged during the ultimate load condition as shown in Fig. 8(c) , which represents the values of the void damage distribution along the wingbox structure. To determine the maximum displacement acting in the wingbox structure, Fig. 9 is depicted, which bring the maximum displacement of 724 mm in N=2.5, followed by 434 mm in N=1.5 and 289 mm in N=1. Therefore, it means that the wingbox structure design is safe from damage under the consideration of load factor range from 1-1.5. However, its need more attention concerning the safety of the wingbox structure with a situation of load factor in 2.5 or above. Figure 9 . Displacement at a)N=1, b)N=1.5 and c)N=2.5 along the upper skin wingbox structure Next, the comparison of stress-strain relation with the literature's result [19] is shown in Fig.  10 . The benchmark results are considered under static load analysis, thus provides the stressstrain point for every increment of load factor. As a result, it shows that a good comparison has been achieved between both results in the load factor of 1 and 1.5 respectively. This finding can be verified by calculating the numerical value of similarity where it has revealed that 84%-86% similarity between a predicted value and benchmark value. Nevertheless, the comparison of stress-strain in the ultimate load factor gives small variances different, which admit 75% similarity. This is due to of different finite element formulation that used to represent the plasticity behaviour of the wingbox structure. In overall, the trend shows a reasonable agreement between both results and the validity of the result is successfully verified. 
Damage detection
This assessment is focused on the ultimate load factor, where the formation of void damage exists in the wingbox structure. The relationship between the void volume fraction and the strain is plotted as shown in Fig. 11 . The initial void volume fraction, f o , is increased with the increase of the strain, which revealed that the strain distribution had influenced the formation of the void damage, thus affect the material behaviour of wingbox structure to deform plastically. To justify the results of damage model used in this analysis, the contour damage has been compared with the results from technical report [19] . Fig. 12 shows a damage parameter based on the failure indices criteria which is stated as more than one. In that case, the wingbox structure is suffering from fully damaged at the bottom skin of the root wing under the ultimate load condition. While from Fig. 13 , the void damage based on the void volume fraction parameter is detected forms at the same location with the damaged region from the benchmark result and The XFEM provides a significant benefits in the numerical modelling of crack propagation where a discontinuous function is added to the finite element approximation of the displacement field [20, 21, 22, 23] . This solution is proposed where the crack initiation and evolution based on the damage of traction-separation law and displacement/ energy release rate criterion are selected for characterizing the crack behaviour, as shown in Table 3 . Fig. 15 shows how the crack is propagated due to the void growth detected at the bottom skin of the root of the wingbox structure. As expected, the crack was initiated, and then it has propagated in the region 
Relative error
The evaluation of relative error is conducted to validate the stability and accuracy of the simulation results. In this case, the residual displays information determines either an iteration has produced an equilibrium solution [25] . It can be seen in Fig. 16 , a solution achieved a stable condition and the data recorded are below the tolerance value, which sets to 0.005. 
Conclusion
This research has presented a structural analysis of aluminium wingbox aircraft structure based on quasi-static analysis using constitutive Rousselier damage model. The ability of this model to define the material damage behaviour of the wingbox structure become a novel achievement of this research finding. The investigation with the proposed numerical solution resulted in the following:
• The Rousselier damage model was successfully installed in the user-defined material subroutine UMAT in the ABAQUS/ Standard.
• The aerodynamic distributed forces were calculated using the Lifting-Line Theory (LLT). By referring to the indicator of load factor, N, the highest stresses created: 139 MPa in N=1, 208 MPa in N=1.5 and 305 MPa in N=2.5. It is well predicted when the results have been compared from previous literature and show a good agreement between both results.
• The damage was formed at the bottom skin of the root wing, and it is verified by comparing the result from previous literature. The results show a good agreement have been achieved between both results.
• The crack development has been introduced by the RuX model solution, which purposes to predict the void damage and the position of the crack in the wingbox structure. As been expected, the crack was initiated and extended in the area of the formation of the void damage, where the maximum stress concentrates at the same place. 
